ABSTRACT: A method to separate a gaseous mixture of nitrogen and methane by exploiting the difference between hydrate-formation pressures of nitrogen and methane has been developed to enrich the concentration of methane in lowquality coal-bed methane. The equilibrium isotherms of pure N 2 and CH 4 in CMK-3, a mesoporous carbon material, in the presence of water are measured to determine the optimal separation parameters. Tetrahydrofuran (THF) was added to the water to lower the pressures at which the gas hydrates are formed. A gaseous mixture containing 50% methane was fed through a bed filled with CMK-3 in which a THF solution of 5 mmol/g was pre-adsorbed. The final methane concentration was higher than 70% at 275.15 K.
INTRODUCTION
Coal-bed methane (CBM) is a form of natural gas that is buried in coal seams. Unlike ordinary natural gas, CBM does not contain heavy hydrocarbon components such as C
2+
. According to a recent report by Jiang (2010) , there is approximately 260 ¥ 10 12 m 3 of CBM worldwide, which is more than two times that of the current natural gas reserves. However, most of it is yet to be exploited.
During the process of coal extraction, huge amounts of CBM are recovered. However, less than 50% of the CBM is used for various applications because of its low methane concentration (30-50%). In addition, methane is a greenhouse gas and its greenhouse effect is 21 times stronger than that of CO 2 . It is crucial from both energy and environmental points of view to develop a flexible methane-enrichment technology for low-quality CBM.
The main components of raw CBM (i.e. CBM as recovered from coal seams) are nitrogen and methane. Both N 2 and CH 4 are supercritical temperature gases at normal temperatures and it is very difficult to separate them because they are both non-condensable and have similar physical and chemical properties. The primary issue with methane enrichment of CBM is the separation of N 2 and CH 4 , because this is not an easy task.
Various groups have studied the formation of gas hydrates in aqueous solution systems, and have developed potential gas-separation methods by utilizing the differences between the mole fractions of equilibrium in vapour and hydrate phases (Elliot and Chen 1995; Vorotyntsev et al. 2001; Ballard and Sloan 2002) . Gas hydrates are non-stoichiometric crystalline compounds that are held together by van der Waals forces between water and lightweight gas molecules. Gas molecules, the guests, stabilize the well-defined cages in the host lattice, which are made up of hydrogen-bonded water molecules. Both N 2 and CH 4 can form hydrates in the presence of water under suitable conditions. However, their phase equilibrium pressures vary significantly.
At 273.15 K, the hydrate-formation pressures of N 2 and CH 4 are 14.3 and 2.56 MPa, respectively (Roberts et al. 1940; Jhaveri and Robinson 1965) . Thus, methane undergoes a phase change (from gas to solid) at low pressures, whereas nitrogen does not. Therefore, by controlling the experimental pressure, the concentration of methane can be enriched.
Based on hydrate formation, various studies have reported on separation of gases from a mixture. Seo et al. (2005) used hydrate formation to study the recovery of CO 2 from flue gases and predicted that the concentration of CO 2 could be enriched to more than 96%. Elliot and Chen (1995) introduced a method to separate hydrocarbons from natural gas using the different characteristics of the components. In brief, their method is as follows: a gas mixture is introduced into an aqueous solution, which contains a hydrate promoter. Lightweight gases form solid hydrates at a controlled pressure and temperature, which are then separated from the gas mixture.
Many studies of gas-hydrate formation have focused on pure water systems. However, a long induction period is required for the formation of hydrates in pure water, and the conversion rate almost never achieves 100% (Sloan and Koh 2007) . In addition, when the pressure is decreased, most solid hydrates cannot decompose completely (Gudmundsson and Parlaktuna 1992) . To improve the kinetics of hydrate formation, the equilibria of gas hydrates in porous materials have been studied. It has been shown that the space in nanoscale greatly promotes the formation of hydrates (Zhou et al. 2004) . Using feed gas, methane hydrate can be formed in 10 minutes, with the equilibrium amount achieved in approximately 40 minutes. Besides, the stored methane can be released immediately when pressure is reduced and the amount of methane released increases with time at almost a constant rate. The porous media with a pore size of 2-6 nm was shown to be more suitable for the hydrate formation (Zhou et al. 2005b (Zhou et al. , 2010 Liu et al. 2006a; Sun et al. 2007; Liu et al. 2011; Wei et al. 2014) . Porous media with high surface areas provide improved access for both the water and the gases. The potential field of nanospace helps water to form a cage structure (Seo et al. 2005; Adeyemo et al. 2010) , which is beneficial for the formation of hydrates. In porous media, the gas hydrates are formed within a few minutes and are saturated in a short period. As the pressure decreases, the gas hydrate decomposes immediately and the decomposition rate is not affected by temperature. Some gas separations have been achieved through hydrate formation using porous media. For example, Song et al. (2013) separated CO 2 from a simulated fuel gas through hydrate formation in glass beads and silica gel.
Some studies have reported that the formation pressures of gas hydrates in porous media are higher than those in pure water (Liu et al. 2006a, b) . As a result, higher energy consumption is needed to compress the gas. According to studies on pure water, promoters, such as tetrahydrofuran (THF), cyclopentane, propane and isobutene, reduce the hydrate-formation pressure (Sabil et al. 2010) . Sun et al. (2012) found that THF significantly reduced the gas hydrate-formation pressure in the separation of N 2 and CH 4 . This method can also be applied for reducing the hydrate-formation pressure in porous media. Yang et al. (2013) separated CO 2 from a fuel gas in porous glass beads by adding THF and sodium dodecyl sulphate (promoters).
Previous studies have shown that in addition to temperature and pressure, the pore size in the porous media is a key factor in gas-hydrate formation (Zhou et al. 2002 (Zhou et al. , 2004 . The pore size of mesoporous materials is suitable for hydrate formation. Both N 2 and CH 4 form hydrate structure I with a lattice constant of 1.2 nm, whereas, in the presence of THF, they form hydrate structure II with a lattice constant of 1.72 nm (Sharma et al. 2014) . For a mesopore, the space between the opposite walls can accommodate two layers of hydrate. However, an overly large pore is not advantageous because hydrate formation is catalyzed by the power of 'adsorption potential field', which attenuates with the distance from walls. It has been shown that 41 wt.% of CH 4 was stored in carbon molecular sieves with pore sizes of 2-6 nm at 275.15 K (Liu et al. 2006a) .
The formation of gas hydrate is also affected by the chemical properties of the surface of the porous media. Some adsorbents such as silica gel have polar surfaces. The hydroxyl groups on the surface form hydrogen bonds with water, which prevents the water close to the surface from making up the cage structure, and thus, the amount of gas hydrate is low (Zheng et al. 2012) . Therefore, adsorbents with non-polar surfaces (e.g. carbon-based materials) are more suitable for gas hydrate storage and separation.
In this study, ordered mesoporous carbon, CMK-3, was synthesized using an SBA-15 template. The equilibrium isotherms of N 2 and CH 4 on wet CMK-3 in the presence of THF were measured, and the optimum separation parameters were determined. N 2 and CH 4 were then separated using pressure swing adsorption (PSA) under conditions in which the hydrates were formed.
EXPERIMENTAL SECTION 2.1. Materials
Mesoporous silica material, SBA-15, with two-dimensional ordered channels was synthesized under acidic conditions. A non-ionic oligomeric alkyl-ethylene oxide surfactant (Pluronic P-123, Aladdin Reagent Co., Ltd., China) was used as the structure-directing agent and tetraethyl orthosilicate (analytical reagent; Tianjin Liyuan Chemical Co., Ltd., Tianjin, China)was used as the silica source.
The SBA-15 was used as the template and sucrose (analytical reagent; Tianjin Guangfu Science and Technology Development Co., Ltd., Tianjin, China) was used as the carbon source for preparing the CMK-3. The SBA-15 and sucrose were carbonized two times to prepare CMK-3. Complete details of this preparation are reported elsewhere (Liu et al. 2006a .
THF was dissolved in deionized water to prepare THF solutions with concentrations of 0-9 mmol/g. The THF solution with desired concentration was then slowly added to the CMK-3 by mechanical mixing to prepare the wet sample.
Apparatus
A high-pressure apparatus shown in Figure 1 was used for adsorption of nitrogen and methane. The reference cell was placed inside a temperature-controlled water bath to maintain a constant temperature T r , which is usually close to room temperature. The volume of the reference cell was determined by a drip method. The pressure in the reference cell was measured using a pressure transmitter (Model PAA-23/8465.1-200; KELLER AG fuer Druckmesstechnik, Winterthur, Switzerland). The maximum pressure of the pressure transmitter is 20 MPa, and has an accuracy of 0.05%.
The wet sample was placed in the adsorption cell and the temperature of the cell was maintained constant. The volume of the adsorption cell was determined by measuring the concentration of helium at T r . The adsorption amount was calculated from the readings of pressure, volume and temperature before and after opening V 5 and V 7 as follows: first, the reference cell, the adsorption cell and connection pipelines were vacuumed. A certain amount of gas was then fed into the reference cell and the pressure was recorded. After that, the reference and adsorption cells were connected by opening V 5 and V 7 , and the pressure was recorded. Because the gas is absorbed by the sample, the amount of gas in the free space is lesser than it was before connecting the two cells. This difference in the adsorption amount is calculated using the constitutional equation of authentic gas (pV = nZRT). This calculation process was reported in Zhou et al. (2002) . The compressibility factor (Z) was determined from the Virial equation.
To avoid any loss of moisture, the adsorption cell containing the wet sample was placed in a chamber with a constant temperature of -30 °C for 4 hours before the system was vacuumed. The purity of helium, nitrogen and methane were all greater than 99.999%.
The gas mixture was collected in the set up shown in Figure 2 . All parts of the system were connected by stainless steel tubes with internal diameters of 2 mm. The adsorption bed is a stainless tube with a length of 300 mm and an internal diameter of 15 mm. The bed was immersed in a water bath at a constant temperature. The flow rates of the feed gas and carrier gas were controlled by two mass-flow controllers (Type SY-9312) with precisions of ±1%. A backpressure regulator was placed behind the adsorption bed to maintain the pressure. The system pressure was recorded by a pressure transducer (Type SY-9411) with an accuracy of ±0.1%. The composition of the export (output) gas was analyzed using a quadrupole mass spectrometer (Stanford Research Systems, Sunnyvale, CA). The enriched gas in the adsorption bed was collected by the gas drainage method. The concentration of CH 4 in the product gas was analyzed by gas chromatography (Type SP-6890; Lu Nan Rui Hong Instrument Co., Ltd., Shandong, China).
RESULTS AND DISCUSSION

Characterizations of CMK-3
The CMK-3 was characterized using N 2 adsorption isotherms at 77 K and the results are shown in Figure 3 Figure 3(b) . The CMK-3 sample shows a very narrow pore-size distribution, with diameters of the pores in the range of 2-6 nm (average pore size, 3.5 nm).
Figure 4(a) shows the scanning electron microscopy image of the sample. The sample possesses an ordered rope structure. The transmission electron microscopy image of CMK-3 shows that the material has a hexagonal ordered 'meso' structure [ Figure 4 (b)].
Adsorption Equilibria of the Pure Gases
Effect of THF Concentration on the Formation Pressures of N 2 and CH 4 Hydrates
To determine the optimal separation parameters, the adsorption equilibria of the pure gases were measured at 275.15 K. The adsorbent was the CMK-3 in which a THF solution was pre-adsorbed. The adsorption isotherms of N 2 and CH 4 on the wet CMK-3 with different THF concentrations are shown in Figure 5 .
The water content in the wet sample is denoted as R w and is defined as the mass ratio of the amount of water to the amount of CMK-3. Previously, it has been shown that the maximum amount of gas is adsorbed by the wet sample when the pores are filled with water (Zhou et al. 2005a) . That is, the optimal R w = rV/m, where r is the density of the water, V is the pore volume of CMK-3 and m is the mass of CMK-3. In accordance with this equation, sufficient amounts of deionized water to make R w = 1 were added to CMK-3. The concentration of THF is expressed as the molar amount of THF per mass of water and is designated as C (mmol/g).
The isotherms of nitrogen and methane at different THF concentrations all have the similar shapes. When the pressure was low, the gas is adsorbed in one of the following two ways: (i) the gas is adsorbed on the solid surface or (ii) the gas is dissolved in the water. The amount of gas adsorbed is very low because the adsorption potential is weak when the pores are filled with water. In addition, the solubility of N 2 and CH 4 is very low in water. Therefore, the amount of gas in the wet sample is negligible at low pressures.
With the increase in pressures, significant inflection points appeared in the isotherms, showing that the adsorption of gases in the pores changed and that gas hydrates began to form (Zhou et al. 2005b ). The pressure at this inflection point is the formation pressure of the gas hydrate. It has been shown that THF significantly reduces the formation pressure. For example, when a THF concentration is 0 mmol/g, the CH 4 hydrate-formation pressure is 4.83 MPa and the nitrogen hydrate cannot form within 10 MPa. However, at a THF concentration of 5 mmol/g and a pressure of 0.4 MPa, CH 4 formed a Type II hydrate with the formula of 16CH 4 ·8THF·136H 2 O (Sharma et al. 2014) . N 2 formed a Type II hydrate with a formula of 16N 2 ·8THF·136H 2 O when the pressure was 1.3 MPa. The suction volume of the gases rose sharply at the inflection point due to the formation of gas hydrates.
As the pressure increased further, the isotherms began to gradually level off, which indicates that the fixed amount of gas in CMK-3 tends to be saturated. Although the formation pressure of CH 4 is lower than that of N 2 , this gap becomes smaller at higher THF concentrations. Thus, when the THF concentration is higher than 8 mmol/g, it is difficult to separate N 2 and CH 4 based on the difference in hydrate-formation pressure. The effect of THF concentration on hydrate-formation pressure is presented in Table 1 .
In this study, the operating pressure for feed gas separation was set between 1.0 and 1.4 MPa and the concentration of CH 4 in the feed gas was approximately 50%. Therefore, the partial pressure of CH 4 is approximately 0.5-0.7 MPa, whereas that of N 2 is 0.5-0.7 MPa. As shown in Table 1 , if the THF concentration is 1-4 mmol/g, the partial pressure of CH 4 in the feed gas is not high enough to form methane hydrates. However, methane hydrates can be formed if the THF concentration is 5-6 mmol/g. By contrast, at THF concentrations of 5-6 mmol/g, nitrogen hydrates will not form because the pressure of N 2 in the feed gas is lower than its formation pressure. Although the separation of N 2 and CH 4 at THF concentrations of 7-9 mmol/g should theoretically be possible, the difference between the hydrate-formation pressures for N 2 and CH 4 is too small to achieve a separation. Thus, a THF concentration of 5 mmol/g was chosen for further analysis. However, studies of the adsorption equilibria at C = 1-4 and 6-9 mmol/g may also be useful.
Effect of Temperature on the Formation Pressures of N 2 and CH 4 Hydrates
The adsorption equilibrium isotherms of the pure gases in wet samples were measured at different temperatures with a THF concentration of 5 mmol/g. The results are shown in Figure 6 . As the temperature increased, the formation pressures for both N 2 and CH 4 hydrates increased. At 277.15 K, the formation pressure of CH 4 became higher than that of CH 4 in the feed gas. At 273.15 K, the formation pressure of methane hydrate reduces slightly. Therefore, 275.15 K was used for the separation process. 
Separation of N 2 /CH 4 by Hydrate Formation
The experimental conditions chosen to study pure gases were then applied to a feed gas consisting of 50.2% N 2 and 49.8% CH 4 . First, 5.17 g THF solution of 5 mmol/g was added to 3.8 g of CMK-3, and then the wet sample was placed in a bed with a porosity of 0.84. The bed was maintained at 275.15 K and the flow rate of the feed gas was 10 ml/minute. The bed was first pressurized to the separation pressure (1.0-1.4 MPa) with N 2 and then nitrogen was replaced by the feed gas mixture.
The composition of the export gas as determined by mass spectrometry is shown in Figure 7 . The x axis is the breakthrough time and the y axis is C/C 0 , where C is the concentration of CH 4 or N 2 in the export gas and C 0 is the original concentration in feed gas. Because nitrogen hydrates cannot form at the separation pressure, the N 2 gas in the feed gas broke through the bed quickly. However, the CH 4 was entrapped within the bed because CH 4 hydrates formed in the wet sample. Thus, the CH 4 did not exit the system for a relatively long time.
For example, in curve 1, the concentration of CH 4 in the export gas was nearly zero before 1350 seconds, which indicates that the bed has been enriched with CH 4 . After 1350 seconds, the wet sample was saturated with CH 4 hydrate and the CH 4 began to break through the bed, which leads to a decrease in the concentration of N 2 in the export gas. At time A, the N 2 and CH 4 concentrations no longer change and are equal to their original concentrations in the feed gas. At increasing separation pressures, the breakthrough time became longer.
Analysis of the Product Gas
The feed gas flow was shut off when the CH 4 had completely broken through the wall, which is determined by the breakthrough curve (Figure 7 ). The enriched methane in the bed was then released and collected by the method of gas drainage. Methane hydrate begins to decompose, when the bed pressure reduces to the ambient pressure. Then the enriched methane in the bed was released. To collect all the enriched methane, nitrogen gas was passed into the bed (termed 'sweeping') at ambient pressure. The concentration of CH 4 in the product gas was analyzed by gas chromatography and the results for different separation pressures are presented in Table 2 . The separation pressure had little effect on the concentration of CH 4 in the product gas. At a separation pressure of 1.4 MPa, the CH 4 concentration improved from 50% to 71.9%.
Regeneration and Stability
The regeneration and stability of the adsorbent are crucial factors for a PSA process. When the equilibrium pressure of a gas phase is lower than the hydrate-formation pressure, the hydrates decompose completely and immediately in the porous media. Thus, the bed can easily be regenerated by decreasing the pressure to ambient pressure and by passing nitrogen gas into the bed at ambient pressure. The passing of nitrogen is stopped when CH 4 is not detected by the mass spectrometer. With the increase in the amount of sweep gas (N 2 ), the concentration of CH 4 in the product gas will decrease gradually. A stability experiment was conducted at 1.4 MPa when the THF concentration was 5 mmol/g and the temperature was 275.15 K. Ten separation-regeneration cycles were performed and the results are shown in Figure 8 . The CH 4 concentration in the product gas remained at approximately 70%, which indicates that the adsorbent is stable and reusable.
CONCLUSIONS
The effects of THF concentration and temperature on the formation of gas hydrates were investigated. The presence of THF significantly reduced the formation pressures of gas hydrates in CMK-3. When the THF concentration was 5 mmol/g and the temperature was 275.15 K, the pressure of 1.0-1.4 MPa was suitable for the separation of the feed gas, and the concentration of CH 4 was improved from 50% to 70%. In addition, the adsorbent can be easily regenerated and reused. This separation method, that is, hydrate formation in ordered mesoporous carbon, provides an effective way for the separation of N 2 and CH 4 . 
